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THE PYRIDINE ANALOG OF THIAMIN AND THE GROWTH OF 
FUNGI 


By WILLIAM J. ROBBINS 
New York BoTANICAL GARDEN AND DEPARTMENT OF BOTANY, COLUMBIA UNIVERSITY 
Communicated July 19, 1941 


The concept of isosterism as applied to thiamin has been the subject of 
recent discussion. Schmelkes and Joiner' and Schmelkes* described the 
synthesis of a compound isosteric with thiamin and reported that it had 
some antineuretic activity. Baumgarten and Dornow® synthesized the 
same substance and reported its antineuretic activity to be about one 
twenty-sixth that of thiamin. 

It is probable, however, that the compound described by Schmelkes and 
by Baumgarten and Dornow was an a-hydroxyethyl derivative instead of 
the assumed 6-hydroxyethyl pyridine.* Tracy and Elderfield® synthesized 
the B-hydroxyethyl compound. Their compound is 1-(4-amino-2-methyl)- 
5-pyrimidylmethy1l-2-methy1-3-(8-hydroxyethyl)-pyridinium bromide hy- 
drobromide (monohydrate). The pyrimidine® portion of this compound is 
identical with that of thiamin; the pyridine portion differs from the thi- 
azole part of thiamin as may be noted from the following formula 
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I was furnished this compound through the courtesy of Dr. Elderfield and 
N. J. Leonard. According to Leonard it is quite stable and does not un- 
dergo any interaction or decomposition when heated in water for any 
reasonable time. 

I have tested this compound with three fungi which show thiamin de- 
ficiencies of various types. Phycomyces Blakesleeanus is unable to synthe- 
size either the pyrimidine or thiazole portion of the thiamin molecule but 
if supplied with the two intermediates can combine them into the essential 
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thiamin molecule. Pythiomorpha gonapodioides is unable to synthesize the 
pyrimidine portion of the thiamin molecule but if furnished with the pyrimi- 
dine intermediate of thiamin is able to combine it with thiazole synthesized 
by the organism itself from the minerals, sugar and asparagine in the 
medium. Phytophthora cinnamomi is unable to synthesize either portion of 
the thiamin molecule and cannot combine the two intermediates even if 
they are supplied to it. Phycomyces Blakesleeanus grows if furnished with 
thiamin or the two intermediates; Pythiomorpha gonapodioides if supplied 
with thiamin or the pyrimidine portion of the thiamin molecule; Phy- 
tophthora cinnamomi must be supplied with molecular thiamin. 


TABLE 1 


Dry WEIGHT OF MYCELIUM PRODUCED IN SOLUTION OF MINERALS, ASPARAGINE AND 
DEXTROSE PLUS SUPPLEMENTS AS INDICATED 


Phycomyces was grown 8 days at 20°C., Pythiomorpha and Phytophthora 11 days at 25°C. 


AVERAGE DRY WT. PER FLASK MG, 


ADDITIONS PER FLASK CONTAINING PHYTOPH- 
25 ML. OF THE BASAL SOLUTION PHYCOMYCES THORA PYTHIOMORPHA 
None 0.3 10.1 4.7 
0.5 my mole of analog 0.2 10.2 42.7 
1.0 my mole of analog Almost no growth 6.7 68.4 
2.0 mu moles of analog Almost no growth 7.9 0.7 
10.0 mu moles of analog No growth 1.9 No growth 
100.0 my moles of analog No growth 1.4 No growth 
1000.0 my moles of analog No growth 1.2 No growth 
2.0 my moles of analog + Almost no growth 12.1 85.3 
100.0 my moles pyrimi- 
dine 
2.0 mu moles of analog + 139.5 6.5 39.9 
100.0 mz moles of thi- 
azole 
0.5 my mole of thiamin 71.8 104.2 49.6 
1.0 my mole of thiamin 124.5 133.3 74.6 
2.0 mu mole of thiamin 139.0 187.1 99.2 


Each organism was grown in 25-ml. quantities of a solution containing 
per liter 50 g. glucose, 1.5 g. KH2PO,, 0.5 g. MgSO,.7H20, 2 g. asparagine 
and the following mineral supplements in p. p. m. 0.005 B, 0.02 Cu, 0.1 Fe, 
0.01 Ga, 0.01 Mn, 0.01 Mo, 0.09 Zn. To this solution various amounts of 
the pyridine analog, of thiamin, thiazole or pyrimidine were added as 
shown in tables 1 and 2. Solutions were sterilized for twenty minutes at 
twelve pounds pressure, and each treatment was carried out in triplicate. 
At the end of the period of growth the mycelium was removed from each 
flask, washed with distilled water, dried at 100°C. and weighed. The 
quantities of the various organic supplements added per flask are expressed 
in millimicromoles (my moles). 

The growth of Phycomyces was not improved by the addition of the 
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pyridine analog to the basal solution. In fact, the analog was somewhat 
injurious. The pyridine analog was not effective when presented to the 
fungus in the presence of the pyrimidine intermediate of thiamin but good 
growth was obtained with a mixture of 2 my moles of the analog and 2 my 
moles of thiazole. The addition of 1.0 or 2.0 my moles of the analog was 
somewhat injurious and 10 my moles or more inhibited growth entirely. 
However, failure of the organism to use the analog was not the result of 
toxicity because excellent growth was obtained in the mixture of 2 my 
moles of the analog and 100 my moles of thiazole. 


TABLE 2 


Dry WEIGHT OF Mycecium oF Phytophthora anv Pythiomorpha PRODUCED IN A BASAL 
SOLUTION PLUS SUPPLEMENTS AS INDICATED. Grown 10 Days at 26°C. 


ADDITIONS PER FLASK CONTAINING AVERAGE DRY WT. PER FLASK MG. 


25 ML. OF THE BASAL SOLUTION PHYTOPHTHORA PYTHIOMORPHA 
None 6.9 2.3 
0.5 my mole of analog 1.9 35.3 
1.0 my mole of analog 3.0 55.0 
2.0 mz moles of analog 2.4 0.3 
10.0 my moles of analog 1.9 No growth 
0.5 mu mole of analog + 9.6 91.4 
100.0 my moles pyrimidine 

0.5 mu mole of analog + 8.2 35.7 
100.0 my moles thiazole 

1.0 mz mole of analog + 5.4 79.4 
100.0 myz moles pyrimidine 

1.0 mp» mole of analog + 11.6 56.3 

100.0 my moles thiazole 
1.0 mp mole of analog + 1.0 169.8 107.0 

my mole thiamin 
0.5 my mole thiamin 109.9 39.3 
1.0 my mole thiamin 174.0 71.8 
2.0 mu moles thiamin 177.5 107.3 


The ability of Phycomyces to utilize the appropriate portion of a thiamin 
analog has been observed previously. Robbins and Kavanagh’ used a 
thiamin analog in which the thiazole portion of the molecule was identical 
with that of thiamin while the pyrimidine portion was not. Although in- 
effective alone, this compound was effective in mixture with pyrimidine. 
Schopfer® obtained similar results with two compounds which contain the 
vitamin thiazole. Bonner and Erickson® state that appropriate inactive 
vitamin analogs can serve as a source of vitamin pyrimidine. They found, 
however, that 2-chlora-isoaneurin-iodide did not serve as a source of thia- 
zole in the presence of pyrimidine. 

The growth of Phytophthora (table 1) was not improved by the addition 
of the pyridine analog to the basal medium. Mixtures of the analog and 
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thiazole or pyrimidine were ineffective. Distinct evidences of toxicity were 
observed in those flasks containing 10 my moles or more of the analog. 

Pythiomorpha grew quite satisfactorily in those cultures supplemented 
with 0.5 or 1.0 my of the analog though it developed more slowly than in 
cultures with molecularly equivalent amounts of thiamin. Decided tox- 
icity was observed in the cultures containing 2 my moles or more of the 
analog; in fact, no growth developed where 10 my moles or more were 
present. It is of interest to note that the addition of pyrimidine or thiazole 
materially reduced the toxicity of the analog. Evidently Pythiomorpha is 
able to utilize the pyrimidine portion of the analog molecule. 

A second series of cultures (table 2) was carried out with Pythiomorpha 
and Phytophthora in which inoculum was obtained from a culture growr 
without growth-substances in the first experiment. This inoculum con- 
tained less thiamin and its intermediates than that used for the first series 
which was obtained from cultures growing on an agar medium containing 
thiamin. The results of the second series confirmed those of the first 
(table 2). 

It appears that the pyridine analog is not effective as a substitute for 
thiamin for either Phycomyces or Phytophthora. No evidence of any benefit 
from the analog was observed though its toxicity prevents its use in large 
amounts where effectiveness of the order of one-hundredth or one-thou- 
sandth that of thiamin might be observed. Its effectiveness with Pythio- 
morpha is because the analog contains the normal pyrimidine intermediate 
of thiamin. 

Both Phycomyces and Pythiomorpha are able to obtain pyrimidine from 
the analog. Phycomyces is apparently able to split off the pyrimidine from 
the analog molecule and combine it with thiazole thus obtaining the neces- 
sary thiamin. Pythiomorpha also seems able to split the analog molecule 
and secure pyrimidine which it combines into thiamin with thiazole syn- 
thesized from the sugar and minerals in the medium. The analog is of no 
use to Phytophthora which requires molecular thiamin and cannot synthe- 
size any part of it or combine the intermediates even if they are furnished. 


1 Schmelkes, F. C., and Joiner, R. R., J. Am. Chem. Soc., 61, 2562 (1939). 

2 Schmelkes, F. C., Science, 90, 113 (1939). 

3 Baumgarten, P., and Dornow, A., Ber. deutsch. chem. Gesell.,'73, 44 (1940). 

4 Baumgarten, P., and Dornow, A., Ibid., '73, 353 (1940). 

5 Tracy, A. H., and Elderfield, R. C., Science, 92, 180 (1940). 

6 The terms pyrimidine and thiazole are used in this paper to refer to the two inter- 
mediates of thiamin. 

7 Robbins, W. J., and Kavanagh, F., Proc. Nat. Acad. Sci., 24, 141 (1988). 

8 Schopfer, W. H., Bull. Soc. bot. Suisse, 47, 460 (1937). 

® Bonner, J., and Erickson, J., Am. Jour. Bot., 25 (1938). 
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THIAZOLE EFFECT ON PHYCOMYCES 
By WILLIAM J. ROBBINS AND FREDERICK KAVANAGH 


THE NEw YorkK BOTANICAL GARDEN AND DEPARTMENT OF BOTANY, COLUMBIA 
UNIVERSITY 


Communicated August 13, 1941 


Robbins and Kavanagh! found that for Phycomyces Blakesleeanus thi- 
amin could be replaced by its thiazole and pyrimidine intermediates. 
Schopfer and Jung? and Sinclair* reported similar results. Robbins and 
Kavanagh! stated that the two intermediates appear to be used by the 
fungus in molecularly equivalent quantities. They presented data showing 
that in a mixture of both intermediates the dry weight of the mycelium pro- 
duced was determined by the intermediate present in smaller amount and 
was the same for equal limiting molecular amounts of either the thiazole or 
pyrimidine. In other words, their results showed that an excess of thiazole 
or of pyrimidine had no marked effect on the growth of Phycomyces. 
Schopfer‘ has published data supporting a similar conclusion. Bonner and 
Buchman,* however, found that when the amount of pyrimidine was small, 
a ten times excess of thiazole produced at least twice as much growth as a 
quantity of thiazole molecularly equivalent to the amount of pyrimidine 
whereas excess pyrimidine had no such pronounced effect. The addition of 
free thiazole to cultures containing thiamin also resulted in a marked in- 
crease over that obtained with thiamin alone. They considered excess 
thiazole to have a beneficial effect because the thiazole portion of the 
thiamin molecule was destroyed or rendered inactive in the utilization of the 
vitamin leaving the pyrimidine portion intact and available for recombina- 
tion with excess thiazole if present. The theoretical implications of the 
thiazole effect reported by Bonner and Buchman as well as its relation to 
the use of Phycomyces in bio-assay made it desirable to confirm its reality. 

We have confirmed the thiazole effect in numerous experiments carried 
out since the publication by Bonner and Buchman. We have not been 
able to repeat our earlier experiments in which no thiazole effect was ob- 
served. In our later experiments it was not possible to duplicate exactly 
the chemicals and environmental conditions of the earlier ones and aside 
from the possibility that some unknown variant played a réle, we have no 
explanation for the earlier divergent results. 

The influence of various conditions in relation to the thiazole effect was 
considered and each investigated to discover whether some particular factor 
or combination of factors would eliminate the effect. 

Influence of the Time Factor.—The influence of time was determined by 
growing Phycomyces (+) strain, in 25-ml. quantities of Bonner’s solution® 
to which trace elements? were added. In one series 0.2 my mole, in 
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another 1.0 my mole of thiamin was added per flask. To some of the flasks 
containing thiamin 10 my moles of thiazole* were added, to others 10 my 
moles of pyrimidine. The temperature of incubation was 25°C. and the 
dry weights of triplicate cultures were determined at one- or two-day inter- 
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FIGURE 1 





Dry weight of Phycomyces grown in 25-ml. quantities of a mineral-glucose 
solution to which was added per flask: A, nothing; B, 0.2 my mole thiamin 
and 10 mp moles pyrimidine; C, 0.2 mp» mole thiamin; D, 0.2 my mole 
thiamin and 10 my moles thiazole; E, 1.0 my mole thiamin and 10 mz 
moles pyrimidine; F, 1.0 my mole thiamin; G, 1.0 mp» mole thiamin and 
10 mz moles thiazole. 


vals for 15 days (Fig. 1). The excess pyrimidine had no effect. The excess 
thiazole showed a marked beneficial effect in both series five or six days 
after inoculation, and the effect persisted up to the termination of the 
experiment at the end of 15 days. The dry weight of the mycelium in the 
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flasks containing thiamin and excess thiazole was from 30 to 50 per cent 
greater than in the flasks containing thiamin but no added thiazole. In 
other experiments in which the period of incubation ran up to 21 days and 
over, the thiazole effect was also observed. 


The general procedure in the further experiments reported here was as 
follows: The dry weight of the mycelium produced in nutrient solutions 
containing 0.2, 0.5 or 3.0 my moles of thiamin or of molecularly equivalent 
amounts of the two intermediates of thiamin was compared with the dry 
matter produced in the same solutions to which 10 or 100 my moles of thi- 
azole were added and with that in the solutions containing thiamin or its 
intermediates plus 10 or 100 my moles of pyrimidine. By the term “‘thi- 
azole effect’’ we mean that the excess pyrimidine was ineffective but growth 
in the cultures containing excess thiazole was from 30 to 50 per cent greater 
than in the cultures containing no excess thiazole. 


Concentration of Salts.—In our original experiments the concentration of 
salts in the nutrient solution® was relatively high. We considered, there- 
fore, the possibility that the salt concentration might have interfered with 
the thiazole effect. Experiments were carried out in which the thiazole 
effect in our original solution was compared with that in the same solution 
diluted one-half, in the same solution with the salts diluted to one-tenth 
and in Bonner’s solution. The temperature of incubation was 25°C., and 
the period of growth ranged in the various experiments from 8 to 14 days. 
The more dilute solutions gave somewhat larger yields of dry matter, but 
the thiazole effect was evidenced in all solutions. 


Trace Elements.—Chemicals vary considerably in purity, and trace ele- 
ments have an important influence on the growth of many fungi. We 
studied the influence of trace elements by comparing the growth in the 
presence and absence of excess thiazole in our original solution, in the same 
solution plus two different mixtures of trace elements," in Bonner’s solu- 
tion, in the same solution plus trace elements’ and in our original solution 
prepared with commercial magnesium sulfate in place of the ‘‘chemically 
pure” salt. Although some differences in growth were noted in the various 
solutions, the addition of trace elements to the nutrient solutions used did 
not appear to be a factor in determining the thiazole effect. 


Temperature.—In our earlier experiments no means were available for 
temperature control, and the cultures were subjected to a considerable 
range of temperature. We have grown Phycomyces in 25-ml. quantities of 
our original solution for 10 days at 18° to 20°C. and at 25°C. While the 
growth was somewhat better at the lower temperature, the thiazole effect 
was evident at both temperatures. We also subjected the fungus to 
different temperatures during the growth period, in one instance, to 4 days 
at 25°C., 5 days at 30°C. and 12 days at 25°C.; in another, to 4 days at 
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25°C., 5 days at 4°C. and 12 days at 25°C. The thiazole effect was evi- 
denced under both these temperature treatments. 

Variability of Organism.—Although we have never noted any marked 
change in the response of Phycomyces to thiamin which would indicate a 
change in the physiology of the organism the possibility that the thiazole 
effect might be shown by some strains of Phycomyces and not by others was 
considered. We compared a (+) strain of Phycomyces Blakesleeanus, a 
(—) strain, two single spore isolations from the (—) strain, one single spore 
isolation from the (+) strain and a culture of Phycomyces nitens. The 
organisms were grown for 9 days at 25°C. in 50-ml. quantities of our origi- 
nal solution diluted to one-half its normal strength. All showed the thi- 
azole effect. 

Variation in Quantity of Solution and Size of Flask.—Bonner has used 
smaller quantities of solution and smaller flasks than we have customarily 
employed in our experiments. While it did not seem probable that such 
differences were determining factors in the thiazole effect, we have com- 
pared the following: 

Ten ml. of Bonner’s solution in 50-ml. Erlenmeyer flasks with 25 ml. of 
the same solution in 125-ml. flasks. 

Ten ml. of our original solution in 50-ml. flasks with 50 ml. of the same 
solution in 125-ml. flasks. 

Twenty-five ml. of our original solution in 125-ml. flasks with 50 ml. of 
the same solution diluted to one-half its normal strength. The period of 
growth in these experiments was nine days, and the temperature of incuba- 
tion was 25°C. The thiazole effect appeared under all these conditions. 

Addition of Light Brown Sugar.—The possibility that impurities in the 
sugar might play a réle in determining the thiazole effect was investigated 
by adding some incompletely purified sugar (light brown sugar) to the 
medium. This was thought desirable also because light brown sugar has a 
marked beneficial effect on the growth of Phycomyces probably because of 
the presence of Z factors.!! The organism was grown for 14 days at 25°C. 
in 25-ml. quantities of Bonner’s solution with and without the addition of 
trace elements. In one series 0.1 of the total sugar was supplied as light 
brown sugar, in another 0.4 of the total sugar was light brown sugar. The 
thiazole effect was found in both series and, if anything, was more pro- 
nounced than in solutions where pure sugar was used. 

Addition of Sodium Succinate-—Organic acids have been reported to 
affect the metabolism of fungi, and it seemed desirable to learn whether the 
presence of an organic acid would eliminate the thiazole effect. Phycomyces 
was grown at 25°C. for 9, 11, 13 and 15 days in 25-ml. quantities of our 
original solution plus trace elements and 2 g. of sodium succinate per liter. 
The succinate had little or no influence on the growth of the fungus, and the 
thiazole effect appeared in the presence and absence of the organic acid. 
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There are other factors which might be studied in relation to the bene- 
ficial effect of excess thiazole in the presence of limiting amounts of thiamin 
or molecularly equivalent quantities of its intermediates. However, it 
appears clear that the thiazole effect exists under many variations of the 
conditions under which Phycomyces might be grown in laboratory practice. 
This is important in the use of the organism in bio-assay because in the 
presence of excess thiazole dry weights greater by 50 per cent or more are 
obtained than would be expected on the basis of the amount of thiamin 
present. 


1 Robbins, William J., and Kavanagh, Frederick, Proc. Nat. Acad. Sci., 23, 499-502 
(1937). 

2 Schopfer, William H., and Jung, Albert, Compt. Rend. Acad. Sci. Paris, 204, 1500- 
1502 (1937). 

3 Sinclair, H. M., Nature, 140, 360 (1937). 

4 Schopfer, William H., Sonderabdruck, Ergebn. d. Biologie, 16, 1-172 (1939). 

5 Bonner, James, and Buchman, Edwin R., Proc. Nat. Acad. Sci., 25, 164-171 (1939). 

6 This solution contained per liter 0.5 g. MgSO,.7H.0, 1.5 g. KH2PO,, 4 g. asparagine 
and 100 g. dextrose. 

7 The trace elements were added in p. p. m. as follows: 0.005 B, 0.02 Cu, 0.1 Fe, 0.01 
Mn, 0.01 Mo, 0.09 Zn and 0.01 Ga. 

8 The thiazole used was 4-methyl-5-8-hydroxyethyl thiazole, the pyrimidine was 2- 
methyl-5-bromomethyl-6-aminopyrimidine hydrobromide. The thiamin was Merck’s 
synthetic. 

9 This solution contained per liter 5 g. MgSO,.7H2O, 15 g. KH2POu,, 10 g. asparagine 
and 100 g. dextrose. 

10 The second mixture of trace elements contained in p. p.m.: 0.05 B, 0.05 Mn, 0.005 
Zn, 0.002 Cu and 0.005 Mo. 

11 Robbins, William J., and Hamner, Karl C., Bot. Gaz., 101, 912-927 (1940). 


THE PROBABLE EXPLANATION OF LOW TRANSMISSION 
RATIOS OF CERTAIN MONOSOMIC TYPES OF NICOTIANA 
TABACUM* 


By WALTER H. GREENLEAF 
DIVISION OF GENETICS, UNIVERSITY OF CALIFORNIA 
Communicated July 30, 1941 


Introduction.—Monosomic or haplo (2m — 1) type transmission ratios in 
Nicotiana Tabacum purpurea have been studied by Clausen! and Olmo.® 
Lammerts‘ reported the transmission behavior of seven different mono- 
somic types of NV. rustica. In general, these investigators have found that 
n — 1 pollen grains function only infrequently in the case of some mono- 
somics, and not at all in the case of others. Transmission of monosomics 
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through n — 1 female gametes occurs much more readily, since competition 
like that between pollen tubes does not exist between ovules. The trans- 
mission ratios of the different haplo types in crosses haplo type 9 X nor- 
mal o do, however, vary greatly, ranging from 83.2% for haplo A to about 
4% in haplo P!. The cause for these varying transmission ratios has been 
assumed to be the differential elimination of the different univalent chromo- 
somes through lagging,* but counts of micronuclei and microcytes in pollen 
tetrads made by Olmo failed to show any significant differences in the 
frequency of univalent elimination in the different haplo types. All 
produced about 76% of m — 1 pollen grains. It has also been suggested* ® 
that there might be a selection in favor of the 24 chromosome megaspores, 
analogous to the Renner effect in Oenothera. However, as will be shown 
conclusively below, no such selection occurs in Nicotiana. Olmo made the 
significant observation that all of the haplo types studied by him had 
smaller seed capsules and a reduced seed yield. He thought that the 
lower seed yields might be explained if the reduced size of haplo seed pods 
were due to fewer ovules initially being present in the ovary. This was 
suggested by a general reduction in size of 2n — 1 plants. Evidence from 
seed counts to be presented later does not support this view, but rather that 
the number of developing seeds in the ovary determines its size. Olmo 
concluded that » — 1 gametes were probably less viable than the normal 
ones. No cytological study, however, had been made of the ovaries of 
monosomics. In this paper evidence is presented from a cytological study 
of haplo P that the low transmission ratio of some haplo types is very prob- 
ably primarily due to the slower rate of development of ” — 1 embryo sacs 
as compared with that of the normal ones, and secondarily to a higher 
frequency of embryo sac abortion before reaching the eight-nucleate stage. 
Materials and Methods.—Buds and flowers of haplo P (N. Tabacum 
purpurea) in various stages of development were fixed in Randolph’s 
modification of Navashin’s fluid. Rapid penetration of the fixative was 
insured by the use of an aspirator. Other flowers which were just beginning 
to open were pollinated with pollen from normal N. Tabacum purpurea and 
harvested at various intervals (table 1). Similar fixations were made of 
normal NV. Tabacum purpurea for comparative material. Sections were cut 
at 15, 20 and 25 w. Staining was done with iodine-safranin-gentian violet.® 
The seed counts were made of uniformly large areas of capsules by means of 
a ruled square inserted into the eye piece of a dissecting microscope. 
Experimental Results.—In some fifty stages of megasporogenesis observed 
in haplo P there was no evidence that any other than the chalazal mega- 
spore ever develops into the embryo sac. This is borne out also by exten- 
sive studies of megasporogenesis of other plants of Nicotiana made by the 
writer.* It would appear that this is a phylogenetically fixed condition 
characteristic of the genus. In the later fixations the degree of develop- 
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ment which the embryo sacs had attained was noted. These observations 
are tabulated in table 1. The results of the seed fertility counts are pre- 
sented in table 2. 


TABLE i 


Emsryo SAC DEVELOPMENT IN N. Tabacum* AnD IN HapLo P 


° é 3g 
es é Bag 
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Flower just be- 2 (2) 
ginning to 
open 
Flower slightly 1 1 1 1 
open 
Flower _ fully 1 2 3 
open (1) (1) (2) 
2 Days after (9) 
pollination 
3 Days 2 6 6 10 9 (6) 
5 Days 1 6 24 2 
7 Days 4 5 


* The numbers in parentheses are for N. Tabacum; the others are for haplo P. 


TABLE 2 


OvuLE ABoRTION IN N. Tabacum AND IN HaPLo P 


SEEDS COUNTED PER CENT GOOD SEEDS 
N. Tabacum 630 (9 samples) 89.6 + 1.9(S.E.) 
Haplo P 789 (5 samples) 16.7 + 0.8(S. E.) 


Discussion and Conclusions.—It is clear from the above cytological obser- 
vations that two main causes are operative in reducing the seed yields of 
haplo P, and in lowering the transmission frequency of the haplo P condi- 
tion, namely, slow rate of development of the  — 1 embryo sacs and a 
higher frequency of aborted embryo sacs prior to attainment of the eight- 
nucleate condition in haplo P plants than in the normal ones. It is reason- 
able to assume that the frequency of univalent elimination is the same in 
megasporogenesis as in microsporogenesis,® and that about 80% of all the 
megaspores are m — 1, regardless of which chromosome of the genome is 
being eliminated. The frequency of functioning of » — 1 embryo sacs 
would then depend on the relative importance of the missing chromosome 
in the process of embryo sac development. The A chromosome does not 
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appear to carry genes important for this process, while the P chromosome 
does. This hypothesis would explain the transmission ratios of the 
different monosomics, as well as their seed fertility. The primary cause of 
the low transmission of the haplo P condition is very probably the reduced 
rate of development of the embryo’ sacs which lack a P chromosome. Asa 
result, most of the 2 — 1 embryo sacs are not ready for fertilization when 
the pollen tubes arrive in the ovary three days following pollination. 
Consequently only about 4% of the fertilized ovules are 2n — 1! when 
actually they are expected to occur in about the ratio 3 haplo P:1 normal. 
This immediately suggests that the frequency of haplo P plants should be 
increased if pollination were delayed until one or two days after the flower 
has fully opened. Usually pollinations in Nicotiana are made on flowers 
which are just ready to open or that will open on the following day. 

Not all of the » — 1 embryo sacs of haplo P appear to develop at the same 
rate. One-, two-, four- and eight-nucleate embryo sacs can be found in 
the same ovary even in late stages. Similar variation in degree of develop- 
ment has been observed in normal NV. Tabacum in only early stages (table 1). 

From the Drosera type of pairing shown by hybrids of N. Tabacum with 
its probable parents N. sylvestris and N. tomeniosa (or N. tomentosiformis), 
Darlington? inferred that N. Tabacum is of relatively recent origin. Ge- 
netic evidence of Clausen! shows that some 20 monosomic types of N. 
Tabacum have viable » — 1 embryo sacs. This indicates that many 
duplicated genes are still present in the genetic system of N. Tabacum and 
supports the idea of a recent origin of this amphidiploid. 


* The writer is indebted to Mr. P. C. Burrell who suggested this study. He wishes 
to thank Professor R. E. Clausen for permission to cite some unpublished results and for 
helpful discussions. 

1 Clausen, R. E. (unpublished). 

2 Darlington, C. D., The Evolution of Genetic Systems, Cambridge University Press 
(1939). 

3 Greenleaf, W. H., Genetics, 26, 301-324 (1941). 

4Lammerts, W. E., Jbid., 17, 689-696 (1932). 

5 Olmo, H. P., I[bid., 20, 286-300 (1935). 

6 Stockwell, P., Science, 80, 121-122 (1934). 
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NATURAL AND INDUCED CHANGES IN CHROMOSOME 
STRUCTURE IN MAIZE ENDOSPERM 


By DONALD F. JONES 


CONNECTICUT AGRICULTURAL EXPERIMENT STATION 


Communicated July 31, 1941 


The experimentally induced alterations in genetic composition in both 
plants and animals have been made heretofore in material in which the 
natural rate of change islow. In barley, the most favorable plant material 
used, Stadler! found no segregations in 1500 control progenies, whereas 53 
were seen in 2800 progenies from seeds treated with x-rays and radium. 
By direct cytological examination Sax? observed 3% of chromosomal aber- 
rations in Allium seedlings used as controls. The natural mutation rate in 
Antirrhinum is less than 5% as counted by Stubbe* and by Baur.‘ Muller’ 
obtained lethals at the rate of 1 in 215 in a total of 24, 573 untreated Dro- 
sophila cultures examined and Oliver® noted less than one per cent of lethal 
mutations and no chromosomal rearrangements in 4000 untreated flies. 

In maize endosperm spontaneous changes are easily seen when dominant 
gene markers are present in single dose.’ They are as frequent as 20 per 
hundred seeds in untreated material and 357 per hundred in x-rayed in- 
florescences as shown in the accompanying tables. These changes, both 
natural and induced, are for the most part the result of the removal of 
whole or parts of chromosomes as shown by the linked genes that are taken 
out in the same order and in about the same frequency as they are rear- 
ranged at meiosis. Variations without visible chromosome alterations 
occur in other material ‘and undoubtedly are present here but they cannot 
be classified separately in this study. 

In the endosperm the chromosomal aberrations take place at any mitotic 
division. Due to the large number of cells that can be examined easily 
there is a much better chance of finding alterations than in organisms 
where the change is visible only in segregating progenies. The number of 
aberrations at each cell division may be no larger than in other organisms 
but the number that survive and can be detected are much greater. How- 
ever, the changes in the endosperm are much more numerous than in other 
parts of the same plant. Pericarp, chlorophyll and other segregations in 
somatic maize tissue are rare. 

The chromosomes or parts of chromosomes removed from one daughter 
cell during mitotic division may be added to the other daughter cell produc- 
ing paired areas differing in degree or in kind of coloration or in composition 
from the normal surrounding tissue. Evidence from various sources indi- 
cates that these paired changed when stable are the result of reciprocal 
translocations. Linked genes removed from one daughter cell are added 
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to the other and the reverse. A peculiar twin-spotted variegation results 
from a dicentric chromosome broken at successive mitoses when suitable 
gene markers are present but the original occurrence of this form of varia- 
tion is comparatively rare in untreated material. This condition results 
from inversion. This form of chromosome aberration usually produces no 
visible genetic alteration in this material. 

The unpaired recessive areas may result from either deletions or trans- 
locations in which the dominant allele does not show an added effect, or is 
lost, or the tissue containing it fails to reach the surface of the seed. For 
these reasons it is not possible to distinguish, in this material, between 
losses and rearrangements between different chromosomes when only one 
marked chromosome is involved. With two or more marked chromosomes 
in the same individual it is possible to separate the paired recessive areas 
from the single losses and rearrangements. 


TABLE 1 


HETEROZYGOUS MalIzE SEEDS SHOWING Loss OF SINGLE DOMINANT GENE MARKERS IN 
DIFFERENT FAMILIES WITHOUT TREATMENT 


FAMILY NUMBER NUMBER OF RECESSIVE AREAS TOTAL NUMBER OF AREAS 
NUMBER OF SEEDS SHOWING LOSS OF GENE MARKERS AREAS PER HUNDRED SEEDS 
Cc Pr Su 

1 1604 247 106 38 391 24+ 3.7 

2 1090 67 64 26 157 14+ 2.3 

3 844 48 27 7 82 10+ 2.7 

4 58 12 1 1 14 24+ 10.5 

5 990 128 114 30 272 27+ 9.2 

6 433 52 32 14 98 23 = 6.0 

7 607 51 38 13 102 17+ 3.2 
Total 5626 605 382 129 1116 20+ 2.4 


In table 1 the naturally occurring losses of single dominant gene markers 
resulting from either deletion or translocation are tabulated for 7 different 
families. In each family from 2 to 8 ears were examined each with numbers 
of seeds varying from 20 to 335. All of the seeds resulted from controlled 
pollinations in which dominant gene markers were brought in from the 
polleu parent so as to be present in single dose in this triploid tissue. 

The gene markers used are C, Pr and Su. The first two take part in the 
production of color in the aleurone layer. The third differentiates be- 
tween normal and sugary endosperm. C losses are seen as colorless areas 
which can be detected in single cells on the surface of the seed. Pr losses 
produce red areas that are easily seen in large areas but not so readily as the 
colorless areas in single cells. Areas that have lost Su are translucent and 
irregularly depressed. When cut and stained with iodine the recessive cells 
are seen to be different in outline, they swell quickly with the addition of 
water, and stain light brown in contrast with the deep bluish black staining 
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reaction of the normal starchy-filled endosperm. Losses of Su are not 
easily detected in small areas although when stained, single cells can be seen 
clearly. Additions of dominant Su alleles seldom produce any visible 
effect. Pr sometimes produces darker areas when doubled but the differ- 
entiation is not always clear-cut. C additions are easily noted. 

There is much variation in the number of recessive areas among the 
different plants in the same family. This is shown by the large standard 
errors given in table 1. Nevertheless there are significant differences, be- 
tween some of the families used, in the natural occurrence of chromosome 
breaks and rearrangements. This difference in chromosome behavior is 
not readily associated with visible differences in the plants themselves or 
with external conditions in which the plants were grown. 

Along with the losses of single gene markers there are also a much 
smaller number of paired losses where two gene markers in different chromo- 
somes are removed at the same time. Since these paired recessive areas, 
such as white and red, white and sugary, red and sugary, are approximately 


TABLE 2 


THE NUMBER OF SINGLE AND PAIRED RECESSIVE AREAS IN HETEROZYGOUS MAIZE SEEDS, 
UNTREATED AND TREATED WITH X-RAYS SHORTLY AFTER FERTILIZATION 


TREATMENT TOTAL NUMBER OF RECESSIVE AREAS SHOWING LOSS OF GENE MARKERS 
i 


UNITS NO. SEEDS Cc a u“ C+ Pr C+ Su Pr+ Su 
0 5626 605 382 129 8 2 1 
1 75 2 1 0 0 0 0 
4 76 18 24 1 1 0 0 
6 23 10 10 7 2 2 2 
12 938 1377 1030 540 216 90 96 


equal in area and similar in outline it is assumed that both losses occurred 
at a single mitosis and the different areas grew from the two unequal 
daughter cells. These paired areas frequently show reversed symmetry. 

In untreated seeds the differences between families in the number of ex- 
changes are not significant. Only 11 paired losses, involving the three 
marked chromosomes used, were found in 5626 seeds examined as shown in 
table 2. When the same kind of plants were treated with x-rays shortly 
after fertilization the number of both single and paired losses increased 
markedly. 

The plants were grown and the treatments were made by Dr. L. J. 
Stadler at Columbia, Missouri, and the writer wishes to express here his 
appreciation for the considerable trouble involved in doing this. Controls 
were also grown at the same place and are given as family number | in 
table 1. This family does not differ significantly from three other families 
grown in Connecticut. The x-ray treatment was applied 75 to 78 hours 
after pollination, to the growing plants in the field. At this stage the 
pistillate inflorescence is small and most of it was included in the area of 
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radiation. The ovules are arranged radially around the central rachis so 
that the various embryos are held at different angles and distances from the 
source of radiation. The tube has a narrow focus and an irradiated ear is 
likely to include some regions which receive considerably less than the dose 
delivered at the center of the field irradiated. Any seeds not included in 
the treatment or variations in dosage, distance or position would reduce the 
effectiveness of the treatment but would not detract from the significance 
of the results observed. 

The seeds available from the 1, 4 and 6 treatments given in table 2 are 
too few to have statistical significance. A treatment of 24 units was 
also given but the changes produced were so numerous and extensive that 
reliable counts could not be made. In these treatments a unit is approxi- 
mately 20 to 301, as near as can be determined, the dosage variation being 


TABLE 3 


THE RATIO OF SINGLE AND PAIRED RECESSIVE AREAS IN HETEROzYGOUS MalizB SEEDS, 
UNTREATED AND TREATED WITH X-RAYS SHORTLY AFTER FERTILIZATION. (CALCULATED 
FROM DaTA IN TABLE 2) 








CONDITION NUMBER OF RECESSIVE AREAS SHOWING LOSS OF GENE MARKERS PER 100 SEEDS 

& Pr Su C+ Pr C+ Su Pr+ Su 
Not treated 10.75 6.79 2.29 0.14 0.04 0.02 
Treated 146.80 109.81 57.57 23.03 9.59 10.23 

SINGLE PAIRED 
NUMBER RATIo NUMBER RATIO 
Not treated 19.83 = 2.40 1 0.20 = 0.21 1 
Treated 314.18 = 73.30 16 42.85 + 8.75 214 
RATIO DIFFERENCE 

SINGLES TO EACH PAIRED SINGLE AND PAIRED 
Not treated 99 19.63 = 2.28 
Treated 7 271.33 + 73.80 


secured by proportional variation in the duration of treatment. In table 3 
the results from the untreated and the seeds treated with approximately 
300 r are compared. All of the losses of a single marker are brought 
together to be compared with all of the paired losses. The single losses are 
deletiens and exchanges of the three marked chromosomes with any other 
unmarked region. The paired losses include only exchanges between two 
marked chromosomes. 

In this triploid tissue with 30 chromosomes the unpaired losses should 
be many times more frequent than the paired losses. If the breaks oc- 
curred only at the centromere and the exchanges were at random among 
all of the 60 chromosome arms the ratio with two marked chromosomes 
should be 58 to 1, assuming that an exchange with the opposite arm of the 
same chromosome, if it occurred, would produce no visible effect. With 
three marked chromosomes the ratio would be reduced approximately one- 
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half. But the breaks are known, from the linkage evidence in this ma- 
terial, to occur at various places. Also the markers are located at different 
distances from the centromeres and the arms differ in length. Deletions 
increase the number of unpaired losses but do not produce paired losses. 
The ratio found, 99 singles to 1 paired in the untreated material, indicates 
the complications involved. 

The C losses are more numerous than the Pr and these in turn are more 
frequent than the Su, in both the treated and untreated material, as would 
be expected from the relative distances of each locus from the centromere. 
The same general relation holds for the paired losses. 

The significant fact is that, in the treated material, the ratio drops from 
99:1 to 7:1, showing that the exchanges have been increased much more 
than the deletions. If the breaks occur first followed by a later fusion, a 
few breaks at any one time should tend to reattach in the same position and 
show no effect other than a loss at or near the region of the break. With 
many breaks at one time there would be less chance for the restoration of 
the original condition. The evidence from this experiment therefore sup- 
ports the breakage-first hypothesis. 

The marked effect of the x-ray treatment is shown by the increase in the 
number of both single and paired losses in the treated material. In the 
singles the increase is 16 times while in the paired losses the increase is 214 
times. These differences between the single and paired losses and the 
effects of the treatment are significant as measured by the standard error 
and the increase in frequency is more than that obtained in most radiation 
experiments. 

In this material all of the effects that have been observed, following the 
radiation, also occur naturally. Only the rate has been increased. Since 
the rate differs in the various families studied, chromosome breakage and 
rearrangement must depend upon internal differences peculiar to the 
organism. External differences, such as the ionization brought about by 
x-rays, are either superimposed upon these differences or affect the chromo- 
somes indirectly. 


1 Stadler, L. J., Biological Effects of Radiation, 2, 1263-1280 (1936). New York: 
McGraw-Hill Book Co. 

2 Sax, K., Genetics, 26, 447-488 (1941). 

3 Stubbe, H., Zeit. ind. Abst. Vererb., 56, 1-38 (1980). 

4 Baur, E., Bibliotheca Genetica, 4, 1-170 (1924). 

5 Muller, H. J., Genetics, 13, 279-357 (1928). 

6 Oliver, C. P., Zeit. ind. Abst. Vererb., 61, 447-488 (1932). 
7 Jones, D. F., Genetics, 22, 484-522 (1937). 
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ANTITHETICAL DOMINANCE IN NORTH AMERICAN MAIZE 
By EDGAR ANDERSON AND RALPH O. ERICKSON 
MIssouRI BOTANICAL GARDEN AND WASHINGTON UNIVERSITY 
Communicated July 23, 1941 


Mangelsdorf and Reeves have recently! suggested that North American 
maize is somewhat contaminated with Tripsacum. According to their 
hypothesis the original Zea from South America hybridized with Trip- 
sacum in Central America, producing a partially fertile hybrid which by 
further back-crossing to maize produced Euchlaena. This has since grown 
as a weed in Central American corn fields, serving as an intermediary for the 
flow of Tripsacum germplasm into Zea. A logical extension of this hy- 
pothesis (which we are calling the hypothesis of antithetical dominance) will 
account for many of the genetic peculiarities of Zea mays. Since critical 
tests which are under way will require some years for their completion, the 
hypothesis with some of the supporting evidence is outlined below. 

Hybridization between genera as diverse as Zea and Tripsacum would 
bring into a single nucleus parts of two very different reaction systems. 
The features which distinguish these genera are so different that many of 
the intermediates would be monstrous and would be selected against. For 
example, female spikelets occur singly in Tripsacum but are paired in Zea. 
Obviously there is no functional intermediate between one spikelet and 
two and natural selection would favor those modifiers which make for the 
clear-cut end result of one or of two. For all reactions which are dis- 
advantageously intermediate between Zea and Tripsacum there will be a 
selection of modifiers tending to make the end result of each reaction either 
as Zea-like or as Tripsacum-like as possible, in much the same way as the 
sexual balance of many organisms has been established by the selection of 
modifiers.2, Reaction curves which originally had the form: 








will be modified into curves like: 
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We have named this the hypothesis of antithetical dominance which 
can be stated in general terms as follows: In hybrids between extremely 
diverse parents, natural selection will tend to encourage those modifiers 
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FIGURE 1 
Pedicel length in mm. of the upper male spikelet for 25 
plants each of (from above to below) (1) Papago flour 
corn, first generation inbreds; (2) sweet corn inbred P- 
39; (8) sweet corn inbred I-45; (4) hybrid sweet corn, 
P-39 X I-45; (5) Missouri dent corn. 


favoring one parental extreme or the other and suppressing intermediates. 
In North American maize selection has been operating at the maize end of 
the maize-Tripsacum spectrum and will have tended to make Tripsacum 
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characters recessive except in those cases where they were directly advan- 
tageous. By the sharp threshold which has been built up through selec- 
tion much of the Tripsacum influence in North American maize will be quite 
hidden, only to be revealed when an environmental or genetic change pro- 
duces a plant which does not reach the threshold. This hypothesis would 
explain such phenomena as inbred lines of maize which do not show tassel 
ear (a Tripsacum-like character) in one environment but may do so in 
another® and that a single generation of inbreeding often produces plants 
strikingly different from their cross-pollinated parents. 

We have made a careful study of various maize inbreds with reference to 
the morphological characters which distinguish Zea from its close relatives. 
Among the inbreds which we have examined a considerable number have 
tended to show a combination of characters which is characteristic of most 
species of Tripsacum but which is rare in North American maize and un- 
known in maize from Peru and Bolivia (the latter being on Mangelsdorf and 
Reeves hypothesis the only maize which is uncontaminated with Trip- 
sacum). The most extreme of these inbreds are so similar to Tripsacum 
that we are referring to them as ‘‘Tripsacoids.” They differ from the 
varieties out of which they were extracted by having more slender leaves, 
tassels with short, stiff branches and a wide-channeled rhachis, and in hav- 
ing the upper male spikelet sessile or sub-sessile. In all of these characters 
and in other less tangible ones such as leaf texture and general aspect they 
tend to resemble Tripsacum. Frequency diagrams for one of these charac- 
ters (length of pedicel on the upper male spikelet) are shown in figure 1. 
It will be seen that pedicels are shorter in the inbreds than in the crossbreds 
or than in the open pollinated varieties. These results are to be expected 
on the hypothesis outlined above. An alternative explanation is parallel 
variation in Zea and Tripsacum but this would not explain (1) the fact that 
these Tripsacoid characters are recessive in corn nor (2) their absence in 
highland South American corn. 

Through the kindness of Dr. R. A. Emerson and his colleagues we have 
been able to study a series of 16 crossbred F;,’s and the Cornell inbreds 
from which they are derived. Several of the inbreds in this series were 
quite Tripsacoid, with short tassels, stiff upright tassel branches and sub- 
sessile spikelets. In each case these characters disappeared when the in- 
breds were crossed. Comparisons for two characters are shown in figure 2 
(pedicel length below, tassel length above). According to our theory, 
crosses between an inbred with a very short pedicel and one with a pedicel of 
normal length should have pedicels as long as those of the long-pedicelled 
parent, or even longer. Crosses between inbreds, both of which have well- 
developed pedicels (4 mm. or more), should show no such regularity of 
dominance. It will be seen that these predictions are verified. The data 
are arranged in the form of tridents, the right-hand pair of dots representing 
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average parental values while the dot to the left shows the average for the 
crossbred. 

It might be objected that this dominance is merely heterosis. This is 
refuted by the fact that some of the inbreds have extremely long pedicels 
and by comparisons with the tassel lengths of the same stocks. Tassel 
length is certainly affected in part by heterosis and if the observed domi- 
nance over very short pedicels is due, even in part, to heterosis, there should 
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FIGURE 2 
Pedicel lengths in mm. (below) and tassel lengths in cm. (above) for 15 Cornell hy- 
brids, each compared with its inbred parents. Further explanation in the text. 





be a correlation between the results for the two characters. There is no 
indication of any such correlation (note, for example, 3 X 18) and we there- 
fore conclude that the disappearance of Tripsacoid characteristics when 
inbreds are crossed is not an ordinary effect of hybrid vigor but is due to 
antithetical dominance; to the action of modifiers which render most 
Tripsacum characteristics recessive in North American corn. 

In our opinion the whole question of inbreeding effects in corn needs to be 
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restudied in the light of this theory. Dismissing the problem with the 
statement that corn is highly heterozygous is a description, not an explana- 
tion. The same principle may account for some of the peculiar variability 
of various other crop plants, though the force of antithetical dominance 
would be stronger in corn where a much wider cross is suspected. 


1 Mangelsdorf, P. C., and Reeves, R. G., Bull. Texas Agr. Expt. Sta., 574, 1-315 (1939). 
2 Bridges, C. B., Amer. Nat., 59, 127-137 (1925). 
3 Huelsen, W. A., Bull. Univ. Ill. Agr. Expt. Sta., 466, 277-355 (1940). 


GALACTIC AND EXTRAGALACTIC STUDIES, XII. THE GIANT 
GLOBULAR CLUSTER 47 TUCANAE AND ITS LONG-PERIOD 
VARIABLES 


By HARLOW SHAPLEY 
HARVARD COLLEGE OBSERVATORY 
Communicated August 13, 1941 


1.—A new determination of the distance and absolute luminosity of one 
of the giant globular clusters and a measure of the absolute luminosity of 
long-period variable stars are the principal results of the investigation 
described in the following pages. 

To determine the absolute brightness of long-period variables has long 
been a difficult problem and the results somewhat uncertain. The rather 
surprising result here obtained may only indicate special conditions peculiar 
to globular clusters. But the supergiant character of these variable stars 
in 47 Tucanae appears to be beyond question and their light curves are 
typical of the class. Also it appears definite that the cluster has ten times 
the luminosity of the average globular cluster and is, therefore, of the same 
order of brightness, and probably of the same order of total mass, as various 
stellar systems that are now placed in the category of galaxies. 

2. Description.—With the codrdinates (1900) 


a = 0" 196 é —72° 38° 
X = 272° B = —45° 


the cluster 47 Tucanae is a close companion of the Small Magellanic Cloud. 
Their centers are less than three degrees apart, and the great cluster is actu- 
ally within the projected bounds of the Cloud as defined by its outlying 
Cepheid variables and star clusters. Two faint globular clusters, members 
of the Small Cloud, are within a degree of the center of 47 Tucanae.! 
They are, respectively, 7 and 8.5 magnitudes fainter. If 47 Tucanae were 
removed to their distance, its apparent brightness would be decreased by 
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less than three magnitudes, a fact that shows at once that it is a giant clus- 
ter, at least when compared with the globular clusters of the Small Cloud. 
The angular diameter of 47 Tucanae, according to the densitometric mea- 
sures by Shapley and Sayer,’ is 56‘5 (MF plate), only slightly exceeded by 
the diameter of w Centauri. On the basis of its concentration, 47 Tucanae 
is put in Class III. The nearly equally bright w Centauri is in Class VIII, 
and this loose concentration makes very difficult a precise comparison of its 
brightness with that of neighboring naked-eye stars. 

3. Integrated Magnitude.—An accurate total magnitude for 47 Tucanae 
is also difficult to obtain. No photographic method is very satisfactory. 
The photographic value of 3, given by me in ‘‘Star Clusters,’’’ is on a mag- 
nitude system differing from the Pogson scale, and the Christie-Seares 
rectification of that magnitude system‘ is scarcely valid for such bright 
objects as 47 Tucanae and w Centauri. 

Probably the best values of the integrated magnitude of 47 Tucanae are 
those by Professor Solon I. Bailey in his systematic photometry of bright 
southern stars’ and by Mr. A. Stanley Williams in his ‘Catalogue of the 
Magnitudes of 1081 Stars.’* These two experienced observers, using 
appropriate large-field optical equipment, compared the cluster directly 
with neighboring naked-eye stars and obtained the mean values 380 and 
395, respectively.’ Assuming an average color index appropriate for high- 
latitude globular clusters,* we may adopt 


Integrated photographic magnitude = 4.5, 


and note that the uncertainty is of the order of a few tenths. 

4. Variable Stars.—All eight stars in 47 Tucanae that were marked as 
variable by Bailey® are among the brightest stars of the cluster. Miss 
McKibben has remeasured them all, on plates made at the Boyden station 
with the Bruce and Boyden telescopes. The magnitude system used in an 
earlier study of some of these variables” has been revised by basing it 
directly on standard sequences in the Small Magellanic Cloud. The 
adopted magnitudes of the comparison stars are given in table 1, with 
Bailey’s original designation except for the last five stars. 

Only the first three of the Bailey variables are of special interest to us 
now. Of the others, Nos. 4 and 8, with ranges of 12”0 to 14”0 and 127 to 
147, respectively, seem to be semiregular, perhaps with cycles of 150 days; 
both are difficult to measure. Numbers 5 and 7, with amplitudes of 1370 
to 14”0 and 133 to 138, give little evidence of periodicity. And No. 6 is 
difficult to measure and may not be variable. Miss McKibben has 
measured half a dozen other variables in the vicinity of the cluster, but none 
of them can certainly be regarded as members. The cluster-type Cepheid, 
UX Tucanae,!! HV 809, is of appropriate median magnitude (14.5) to be 
an outlying member. 
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TABLE 1 


PHOTOGRAPHIC MAGNITUDE SEQUENCE FOR 47 TUCANAE 


STAR xX ¢ MAGNITUDE STAR xX g MAGNITUDE 
A — 1575 —624"9 9.4 n + 31673 —206"8 15.0 
B + 44.1 +359 .7 9.4 0 + 417.4 —177.0 15.4 
b +263 .4 —188.1 10.5 p + 383.9 —123.1 15.8 
c +143.8 — 598.2 11.9 q + 298.9 —199.9 16.1 
d +343 .0 + 2.1 13.6 

f +316.2 — 183.2 13.7 b’ +1068 — 42 12.0 
g +310.7 —298.6 14.1 c + 718 —216 12.6 
h +347 .4 — 263.0 14.5 y — 198 —234 13.0 
l +338.1 —123.9 14.6 z — 396 +318 13.0 
m +292 .8 —157.7 15.0 w + 166 — 162 13.2 


5. The Long-Period Variables.—The most important stars in 47 Tucanae 
for our present investigation are the first three of Bailey’s variables. The 
periods and amplitudes derived in an earlier study” have now been revised 
through measures made by Miss McKibben, and we have the descriptive 
results given in table 2. 

TABLE 2 


LONG-PERIOD VARIABLE STARS IN 47 TUCANAE 


DISTANCE NUMBER 
BAILEY’S POSITION FROM MAGNITUDES PUBLISHED REVISED OF OBSER- 
NUMBER x Y CENTER MAX. MIN. PERIOD PERLOD VATIONS 
1 + 3678 -—112"6 20 11.3 [16.0 21193 212740 87 
2 + 64.7 -—193.9 3.3 11.55 15.3 203 202.84 121 
3 +328.4 + 52.8 5.6 11.385 16.1 192 192.34 190 


No. 2 has a close companion of magnitude 14.8, distinguishable at minimum only. 
No. 3 shows some indications of irregularity. 


There are several noteworthy points in table 2. (1) The chances are 
decidedly against these variables being members of the foreground, physi- 
cally unconnected with the cluster. Long-period variables of the eleventh 
magnitude at maximum are relatively scarce. Here we have three in an 
area of a small fraction of one square degree, well within the cluster’s pro- 
jected boundary. (2) The maximum magnitudes are practically the same, 
within the limits of observational uncertainty. The ranges are alike, and 
are conformable with ranges of typical long-period variables. (3) The 
periods are closely alike. 

It is shown later that the distance modulus for 47 Tucanae is 14.72. We 
have, therefore, for the mean absolute magnitude, 


Baw = —3.3 


and conclude that the long-period variables in this globular cluster are 
supergiant stars. Presumably these three variables are typically red and 
the visual absolute magnitudes at maximum must therefore approach —5. 
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Such peculiarly high luminosities are not in keeping with much of the exist- 
ing information on the absolute magnitudes of long-period variables at 
maximum. A photographic absolute magnitude near zero, or fainter, is - 
commonly found.’* For thirty-three Class N long-period variables, how- 
ever, a value of M,;, = —3.6 + 0.7 has been found by R. E. Wilson!* from 
a study of data on motions. The corresponding photographic absolute 
magnitude at maximum would be about —1.0 and therefore much fainter 
than the values for the three variables of 47 Tucanae. 

If we should assume that the three long-period variables have absolute 
visual magnitudes near zero at maximum, and still are members of the 
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Light curves of long-period variables in 47 Tucanae. 
Ordinates are apparent photographic magnitudes for Nos. 1 
and 2 on the left, No. 3 on the right; abscissae, fractions 
of the period. 


cluster, then 47 Tucanae would be, abnormally, a system of dwarfs, with its 
brightest invariable stars of absolute magnitude +3.7, its distance less than 
a kiloparsec and its integrated luminosity quite subnormal. For more 
than twenty globular clusters I have measured the brightest invariable 
stars against Cepheid variables. Nowhere has such abnormality appeared. 
The hypothesis has little probability. 

The mean light curves of the three stars are reproduced in figure 1. The 
observations on which the light curves depend extend throughout the inter- 
val from 1893 to 1935. 
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Only four other variable stars with periods greater than one hundred and 
twenty-five days are now known in globular clusters. Two are variables 
* with peculiar light curves, in w Centauri; and the other two apparently are 
typical long-period variable stars in Messier 22 and NGC 6397, but both are 
so far from the cluster centers that they can most probably be considered 
superposed field stars. 

6. The Distance of the Cluster—tIn the absence of Cepheid variables 
definitely associated with 47 Tucanae, we must determine the distance from 
measures of the bright stars. In ‘“‘Star Clusters’’* (page 225) data are given 
that can be readily reduced to the corrected magnitude system that we have 
set up (table 1 above) through revision of the magnitude sequence. We 
find the revised values 


Mean of 25 brightest...13.44 | Modulus...14.76 Weight. . .2 
re, 14.61 1 
em 14.73 1 


The adopted modulus is m — M = 14.72. 

Before deriving the distance of the cluster, an estimate must be made of 
the total photographic space absorption. In galactic latitude —45°, only 
a small effect would be expected. The region of the cluster has been fully 
covered by long-exposure Bruce plates.‘ Before the nebular count could 
be used to test the amount of obscuration, it has been necessary to reéx- 
amine the magnitude systems underlying the nebular work. Eight plates 
surrounding the cluster and the Small Cloud have been studied. Notwith- ¢ 
standing considerable irregularity from plate to plate, a fairly good mean 
value of the absorption 


Am = 0.3 mag. 


has been derived from the counts of galaxies throughout 72 square degrees. 
(The same value is applicable to the Small Magellanic Cloud.) The dis- 
tance of 47 Tucanae, in kiloparsecs, is therefore given by: 


log d = 0.2(m — M — Am) — 2 = 0.884 
d=72 


This value of 25,000 light years is about ten per cent larger than that previ- 

ously and provisionally adopted. The considerable change in the magni- 

tude standards has been offset by the allowance made for space absorption. 
The absolute magnitude of the whole cluster, 


M =m, — (m — M) = —102, 


places it at the top of the list of globular clusters. It practically equals in 
brightness, and presumably in mass, the smaller galaxies of various types, 
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such as NGC 205, NGC 6822 and the Sculptor Cluster. To an observer 
in the Andromeda nebula, the relation of 47 Tucanae to the galactic system 
might appear much as the relation of the fainter companion NGC 205 to 
the Andromeda nebula. 


1 Mohr, J., Harv. Bull., 899, 15 (1935). 

2 These PROCEEDINGS, 21, 594 (1935). 

3 Harvard Observatory Monograph No. 2, 224 (1980). 

4 Mt. Wilson Contr., 620, 10 (1940). 

5 Quoted in Harv. Ann., 50 (1908). 

6 London (1898). 

7 In Harvard Ann., 46 (1903), Bailey used the meridian photometer and got 6.16, pre- 
sumably for the nucleus of the cluster. Sir John Herschel, a century ago, estimated the 
magnitude at about 4.5, and also some others who worked on the positions of the southern 
stars have given the same value. 

8 See Vyssotsky and Williams, Ap. J.,'77, 301 (1933). 

® Harv. Ann., 38, 237 (1902). 

10 Harv. Bull., 783 (1928). 

11 Harv. Ann., 90, No. 4 (1934). 

12 See Merrill and Stromberg, Mt. Wilson Contr. 267 (1924). 
13 Mt. Wilson Contr. 615, 15 (1939). 

14 Harv. Ann., 105, No. 8 (1937). 


GROUPS CONTAINING A MAXIMAL PROPER SUBGROUP OF 
ORDER 4 


By G. A. MILLER 


DEPARTMENT OF MATHEMATICS, UNIVERSITY OF ILLINOIS 


Communicated August 1, 1941 


If a group G contains an invariant maximal proper subgroup of order 4 
the corresponding quotient group is of prime order and hence this order is 
either 2 or 3 when G is non-abelian. When G is abelian the group may be 
the direct product of either one of the two possible groups of order 4 and the 
group of an arbitrary prime order. There are two and only two such 
groups for every odd prime number. One of these contains the cyclic 
group of order 4 and the other contains the four group. The only other 
abelian groups which separately contain a maximal invariant proper sub- 
group of order 4 are the three abelian groups of order 8. In one of these, 
viz., the one of type 2, 1, each of the two groups of order 4 is a maximal 
proper subgroup while each of the other two of these abelian groups con- 
tains only one maximal invariant abstract subgroup of order 4. These are 
all the abelian groups which separately contain a maximal proper subgroup 
of order 4. 
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The octic group contains each of the two possible groups of order 4 as a 
maximal proper subgroup and the quaternion group contains the cyclic 
group of order 4 as a maximal proper subgroup. The only other group 
which contains an invariant maximal proper subgroup of order 4 is the 
tetrahedral group. It remains to consider the groups which contain maxi- 
mal proper subgroups of order 4 which are non-invariant and hence are 
transformed according to a primitive permutation group. When two of 
these subgroups have common operators these two common operators con- 
stitute the central of G and the corresponding quotient group contains 
maximal subgroups of order 2. This quotient group is a dihedral group 
whose order is twice an odd prime number. It therefore results that when a 
group contains non-invariant maximal subgroups of order 4 which have oper- 
ators in common then these subgroups have exactly two common operators and 
the group is either the dicyclic group or the dihedral group whose order in each 
case is four times an odd prime number. 

To prove that there is no group besides those mentioned in the preceding 
paragraph which contains the four group as a non-invariant maximal sub- 
group we may note here the somewhat more general theorem that if a group 
G contains a set of conjugate maximal subgroups such that no two of these 
subgroups have any common operator besides the identity, then none of 
these subgroups can involve the four group. If one of these subgroups 
would involve the four group then the quotient group of G with respect to 
the invariant subgroup generated by all its permutations of highest degree, 
when it is represented as a primitive permutation group on letters corre- 
sponding to the given maximal conjugate subgroups, would be simply iso- 
morphic with such a subgroup. Hence the given invariant subgroup would 
be abelian and all the permutations corresponding to an operator of order 2 
in this quotient group would be conjugate under G and would be of order 2. 

These operators of order 2 would transform each of the operators in the 
given invariant subgroup into its inverse. Two operators which would 
transform each of these operators into its inverse and appear in different co- 
sets of G with respect to the given invariant subgroup could not have a 
product which would transform each operator of this invariant subgroup 
into its inverse. It therefore is not possible that the given quotient group 
involves the four group asa subgroup. ‘This establishes the theorem under 
consideration. Hence there results the following theorem: If a group con- 
tains a set of conjugate maximal subgroups such that each of these subgroups 
contains the four group and every pair of them has only the identity in common, 
then all of these subgroups have an operator of order 2 in common and the group 
is dthedral. 

If the group G contains a set of cyclic conjugate subgroups of order 4 
which are maximal and satisfy the condition that every two of them have 
only the identity in common, then these subgroups are permuted under G 
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according to a primitive permutation group which contains an invariant 
regular subgroup generated by its permutations of highest degree and the 
corresponding quotient group is the cyclic group of order 4. To the opera- 
tor of order 2 in this quotient group there corresponds a set of conjugate 
operators of order 2 which transform into their inverses all the operators of 
the given regular invariant subgroup and hence this subgroup is abelian and 
G contains a dihedral subgroup of index 2. This dihedral group does not 
necessarily contain a maximal subgroup of order 2. The given invariant 
abelian subgroup has an order which is a power of a prime number and is of 
type 1” since G contains a maximal subgroup of order 4. 

This prime number cannot be 2 since a group of order 8 contains no non- 
invariant subgroup of order 4 and the abelian group of order 2” and of type 
1” contains an odd number of subgroups of order 2”~*. Hence one of 
these subgroups is invariant under an operator whose order is a power of 2 
and is in its group of isomorphisms, and this invariant subgroup contains 
an invariant subgroup of order 2”~? under the same operator, etc. An 
operator of order 4 in the group of isomorphisms of the abelian group of 
order 2” and of type 1” transforms into itself a subgroup of order 4 in this 
abelian group and hence it results that the given invariant subgroup cannot 
be of order 2” and of type 1”. It can, however, be of order 9 and of type 1, 
1 as results from a primitive group of order 36 and of degree 9. Since the 
given cyclic subgroups of order 4 are maximal the given invariant subgroup 
of order p” and of type 1” cannot contain more than two independent 
generators. 

It was noted above that the order of the given invariant abelian sub- 
group of type 1” cannot be a power of 2 and that m cannot exceed 2 when 
the maximal subgroups are cyclic and of order 4. It may, however, then 
be a power of every other prime number p since the group of isomorphisms 
of such a group contains an operator of order p” — 1 and this is divisible by 
4when pisodd. When m = 1, p — 1 must be divisible by 4 in order that 
maximal subgroups of order 4 may appear in G. The smallest group in 
which this condition is satisfied is the metacyclic group of order 20 and this 
is also the smallest group which contains maximal cyclic groups of order 4 
such that every two of these subgroups have only the identity in common. 

Since the groups which contain maximal subgroups of either order 2 or of 
order 3 were considered before, the present article extends the considera- 
tion of these groups up to order 5. The consideration of these groups in- 
volves much more serious difficulties than the consideration of those which 
precede them since we do not yet know whether the regular invariant sub- 
group generated by all their permutations of highest degree when G is 
represented as a primitive permutation group with respect to the trans- 
formation of the maximal proper subgroups is then always abelian. It is 
easy to see that this invariant subgroup must always coincide with its 
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commutator subgroup since otherwise this commutator subgroup and a 
subgroup of order p would generate a proper subgroup which would involve 
a subgroup of order p. In fact this invariant subgroup cannot contain a 
characteristic proper subgroup or be solvable for similar reasons. 

A proper subgroup of largest order contained in the group G is evidently 
a maximal subgroup of G but usually comparatively few of the maximal sub- 
groups of G are proper subgroups of largest order contained in G. Ina prime 
power group the largest proper subgroups are the only maximal proper 
subgroups and hence all the maximal subgroups of a given prime power 
group are of the same order. It is not difficult to prove that this is a 
characteristic property of prime power groups, for if a group is not a prime 
power group we can construct a maximal subgroup by starting with an arbi- 
trary Sylow subgroup and extending it until we arrive at a maximal sub- 
group. There is at least one Sylow subgroup of the group which does not 
appear in this maximal subgroup. We may therefore start with such a 
Sylow subgroup and construct a second maximal subgroup of a different 
order. That is, a characteristic property of a prime power group 1s that all of 
its maximal proper subgroups are of the same order. This furnished a new 
criterion for the important category of groups known as prime power 
groups, which have been called the El Dorado of the theory of groups.? 


1 Miller, G. A., these PROCEEDINGS, 27, 342-345 (1941). 
2 Miller, Blichfeldt and Dickson, Finite Groups, John Wiley and Sons, 1916, p. 118. 


TOPOLOGY BASED UPON THE CONCEPT OF A PSEUDO-NORM!' 
By J. P. LASALLE 
DEPARTMENT OF MATHEMATICS, CALIFORNIA INSTITUTE OF TECHNOLOGY* 
Communicated July 30, 1941 


Hyers? has shown that the notion of a pseudo-norm, i.e., a non-negative 
real-valued function defined for each element of a space and each element of 
a directed system (a strongly partially ordered set), is sufficient to charac- 
terize linear toplogical spaces. We wish to go further and show that a 
generalization of the form of Hyers’ pseudo-norm® is fundamental to the 
study of topological spaces. The pseudo-norm in some cases may seem to 
be trivial (it may only be another notation for the inclusion of an element in 
a set); though the value of our characterization lies in the fact that it 
takes, as the basic concept in topology, the extension of a notion which is a 
very familiar one—namely, that of a norm or a metric. It is possible to 
start with this characterization and by the strengthening of the properties 
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of the pseudo-norm to arrive at the definition of a linear topological space 
or a Banach space. In doing this one can apply the analog of Banach 
space methods to many types of spaces which are more general than Banach 
spaces and linear topological spaces. It is also interesting in the process to 
examine which topological properties imply certain conditions on the 
pseudo-norm, and conversely. The above has already been illustrated in 
the case of linear topological spaces.* 

The characterization of a topological space in terms of a pseudo-norm has 
also proved to be convenient to the author in a study of the manner in 
which some of the theorems dealing with linear topological spaces depend 
upon the real number multipliers. This has been done by replacing the 
real number system by a generalized number system which may have a dis- 
crete topology. Hence the theorems that can be obtained do not depend 
upon the topological properties of the multipliers but upon their algebraic 
properties.’ In such a space as is described above both the concept of a 
linear function with a generalized homogeneity and the concept of a 
differential can be introduced. Such a differential is a generalization of 
Michal’s M-differential® and M/,-differential,’ and Hyers’ F-differential.* 

Definition —Let T and D be sets with elements x, y, z,...andd,e,c,..., 
respectively. Moreover, D will be assumed to be partially ordered. The 
set T will be said to be a pseudo-normed space with respect to D, or briefly, 
a P-space w.r.t. D, if there exists a ron-negative real-valued function ||x, d|| 
on TD such that: 

(a) there corresponds to each x e T a non-null subset D, of elements of D 
such that D, is a directed system with the same ordering as D, and | |2c, d,| | 
S lforeachd,¢«D,;  . 

(b) I, d,| | < 1 for alld, e D, implies that y = x; 

(c) given x e T and d, « D, there exists an e, « D, such that for each y 
with the property that ly, é,|| S 1 there corresponds a d, e D, such that 
d, = d,; 

(d) d = e implies that |Ix, d|| = ||x, e|| for all xe T. 

||, d|| will be called the pseudo-norm of x with respect tod. We shall 
define 


U(d) = [x; xe T, ||x, d|| $11," 
z= [U@); de DI, 
and 
2, = [U(d,); d, ¢ D,). 
> will be called the neighborhood system generated by the pseudo-norm. If T 


is also a P-space w.r.t. D’, then the pseudo-norms | |x, d|| and ||., d’||’ will be 
said to be equivalent if they: generate equivalent neighborhood systems. 
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A sufficient condition for the equivalence of two pseudo-norms is that 
given d, e D,, there correspond d,’, e D,,’ such that II, d,|| < Il, d,'| | ’ for 
all y e J, and conversely. It can be shown that in a special case of a P- 
space this condition is both necessary.and sufficient. 

THEOREM 1. Every P-space T w.r.t. D is a topological space with closure 
defined as follows: If S is any subset of T, then x € S, the closure of S, if and 
only if for each d, ¢ D,, there exist y € S such that ly, d,|| <1. Also %, the 
neighborhood system generated by the pseudo-norm, 1s equivalent to the set of all 
open sets of T. Conversely, every topological space T can be pseudo-normed 
w.r.t a complete neighborhood system of T or w.r.t. any system of subsets equiva- 
lent to a complete neighborhood system. 

THEOREM 2. A necessary and sufficient condition that a subset S of a P- 
space T w.r.t. D be open is that to each x « S there corresponds a d, ¢ D, 
such that Il, d,|| < 1implies that y€S. 

THEOREM 3. A necessary and sufficient condition that a function f(x) on 
an open set S,, y € Sy, of a P-space T w.r.t. D toa P-space T’ w.r.t. D’ be con- 
tinuous at x = y is that given d’yy) € D's) there exists a dy € Dy such that 
|| f@), dy] |’ S 1 for all ||x, d,|| < 1. 

THEOREM 4. A necessary and sufficient condition that an element x of a P- 
space T w.r.t. D be the limit of a sequence {x,} of elements of T is that given 
d,, € D,, there exists an integer m = m(d,,) such that for alln > m ||Xns d,|| - 4. 

It is quite evident that the form of the above theorems is a straight gen- 
eralization of similar theorems for normed or metric spaces. 

Another interesting thing about our generalization is that it gives im- 
mediately an equivalent definition for a topological space in terms of the 
properties of a special system of subsets (neighborhoods) of a set, though 
these neighborhoods are not necessarily open (nor necessarily closed) sets, 
as is required by Fréchet, Hausdorff and Pontrjagin, in their neighborhood 
definitions of a topological space. 

Definition.—Let T be a set of elements x, y, z,..., and let = be a system of 
subsets of T such that: 

(a) there is associated with each element x e JT a non-null subset 2, of 
subsets U,, called neighborhoods of x, of 2 such that for each 'U,€2, xe U;; 

(b) if y ¥ x, there exists a U, ¢ 2, such that y é U,; 

(c) if U, eZ, and V, ¢€2,, there exists a W, € 2, such that W, C U,N V,; 

(d) given x e T and U, « 2,, there exists a V, ¢ 2, such that if ye V, 
there exists a W, « Z, such that W, © U,. 

The set T will then be called a space with a neighborhood system or simply 
an N-space w.r.t. 2. : 

Postulates (a) to (c) are those of Fréchet, whereas postulate (d) is weaker 
than Fréchet’s fourth postulate. Fréchet requires that, if y e« U,, then 
there exists a U, « X, such that U, © U,. Pontrjagin’s conditions are 
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even stronger, as he considers a system = such that if Ue 2 and x U, then 
U is a neighborhood of x. Hence (d) is automatically satisfied. 

THEOREM 5. Every P-space T w.r.t. D. is an N-space w.r.t. 2, where = ts 
the neighborhood system generated by the pseudo-norm. Conversely, every N- 
space w.r.t. 2 1s a P-space w.r.t. z. 


* Now with Department of Applied Mathematics, University of Texas. 

1 To be presented at the September meeting of the American Mathematical Society. 
These results are a portion of the author’s thesis at the California Institute of Tech- 
nology. This research was carried out under the direction of Prof. A. D. Michal. See 
Pontrjagin, L., Topological Groups, Princeton University Press (1939), as a reference to 
the terminology used in this paper. 

2 See Hyers, D. H., Duke Math. Jour., 5, 628-634 (1939). 

3 The real-valued function to be introduced in this paper might just as well be called a 
‘‘pseudo-metric.’’ We shall use the term pseudo-norm in order to indicate that it is an 
extension of Hyers’ pseudo-norm. 

4 See the paper referred to in the second footnote. See also LaSalle, J. P., Duke Math. 
Jour., 8, 131-134 (1941), and a paper by the same author to appear in the Revista de 
Ciencias, Lima, Peru. 

5 These results are contained in the author’s thesis and will be published later. 

6 Michal, A. D., Bull. Am. Math. Soc., 45, 529-563 (1939). 

7 Michal, A. D., these PROCEEDINGS, 26, 356-359 (1940). See also a paper by A. D. 
Michal which is to appear in the Revista de Ciencias, Lima, Peru. 

8 Hyers, D. H., these PROCEEDINGS, 27, 315-316 (1941). 

9 [x;  ] denotes the set of all x’s having the properties following the semicolon. 








